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ABSTRACT

Carbon nanotube heterojunctions (HJs), which seamlessly connect nanotubes of different chiral structure using a small number of atomic-
scale defects, represent the ultimate scaling of electronic interfaces. Here we report the first electrical transport measurements on a HJ
formed between semiconducting and metallic nanotubes of known chiralities. These measurements reveal asymmetric IV-characteristics and
the presence of a quantum dot (QD) with ∼60 meV charging energy and ∼75 meV level spacing. A detailed atomistic and electronic model
of the HJ enables the identification of specific defect arrangements that lead to the QD behavior consistent with the experiment.

Soon after the discovery of carbon nanotubes, it was realized
that nanotubes of different chiralities can be covalently joined
through the introduction of a small number of pentagon-
heptagon defects, forming a nanoscale metal/semiconductor
or metal/metal carbon nanotube heterojunction (HJ).1 Despite
the interest in such devices, there have been only a few direct
observations of carbon nanotube HJs through scanning
tunneling microscopy2,3 and Raman spectroscopy4,5 tech-
niques. The only electrical transport study reported diodelike
behavior across a possible metal-semiconductor HJ device,6

identified by the presence of a sharp “kink” in the nanotube.
However, no prior work has combined structural character-
ization and transport measurements on such HJs. Here we
report detailed electrical transport measurements of a HJ
connecting a (21,9) metallic nanotube and an (18,13)
semiconducting nanotube, as identified by optical spectros-
copy.

For this study, single-wall carbon nanotubes (SWCNTs)
were grown by chemical vapor deposition across open slits

(∼100 µm wide) on Si/SiO2 wafers,7 then characterized using
Rayleigh scattering spectroscopy.8 Typically the Rayleigh
spectrum remains unchanged along a suspended nanotube.
The insets of Figure 1b,c show the Rayleigh spectra for the
nanotube used in this study, a rare case in which the spectrum
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Figure 1. Device geometry and electrical measurements on
semiconducting and metallic sections. (a) SEM image of the
nanotube device, taken after electronic measurements. Multiple
electrodes were patterned on each side of the junction to characterize
the semiconducting (SC) and metallic (M) sections. A larger spacing
(15.5 µm) was left for the HJ segment to allow for a possible
misalignment during the tube transfer process. The arrow points
toward the approximate location of the HJ. (b,c) Room-temperature
Rayleigh scattering spectra (insets) and low-bias conductance vs
gate voltage for the (21,9) M and (18,13) SC sections.
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changed from one typical of a semiconducting (S) SWCNT
to that of a metal (M) SWCNT near the center of the
suspended structure. Previous structural studies9 allow us to
assign chiral indices of (18,13) and (21,9) for the S and M
sections, respectively. Because of the nanotube’s mechanical
integrity and because the structure change is abrupt within
the size of the laser spot (∼1 µm), we conclude that the two
sections are covalently joined by a linear HJ.

For electrical measurements, the suspended nanotube
containing the HJ was transfer printed10 onto a Si/SiO2 wafer,
and multiple Pd electrodes were patterned using electron-
beam lithography (Figure 1a). Imaging of the central section
containing the HJ by atomic force microscopy (see Support-
ing Information, Figure S1) revealed no visible kink and a
uniform diameter of ∼2 nm, which is consistent with the
assigned chiral indices.

Transport measurements on the S and M sections (Figure
1b,c) show behavior uniformly consistent with the structural
assignments. All of the (21,9) devices (length 18.5 µm and
800 nm) show gate response characteristic of “chiral” metal
nanotubes, which possess a small curvature-induced band-
gap.11 Analysis of the length-dependent resistance shows a
low contact resistance (∼15 kΩ) and a resistivity of 9 kΩ/
µm, typical for clean metallic nanotubes at room tempera-
ture.12 The (18,13) devices (length 6.0 µm and 400 nm)
likewise display behavior typical of large-diameter S nano-
tubes with Pd contacts.13,14 Both chiralities show symmetric
current-bias behavior.

Low-bias gate sweeps (Figure 2a) of the HJ device show
ambipolar response, similar to the S sections. However, the
HJ device uniquely displays strong conductance oscillations
that appear below ∼100 K, and intensify at lower temper-
atures. Furthermore, the current-voltage behavior of the HJ
(Figure 2b) is highly asymmetric, on first glimpse resembling
the rectification typically seen for a M-S Schottky diode.
However, the off region both shifts laterally and changes
width as the gate voltage is varied, resulting in a diamond-
shaped pattern as seen in the inset of Figure 2b. In addition,
the I-V curves show considerable structure at low temper-
ature, in particular the presence of sharp current steps that
are often succeeded by pronounced negative differential
resistance. The observed conductance oscillations and current

steps are inconsistent with a model of a nanotube M-S
heterojunction as a simple Schottky diode and strongly
suggest QD behavior. The presence of a QD is confirmed
by measurement of the low-temperature (10 K) differential
conductance of the HJ as a function of source and gate
voltage. The resulting stability diagram (Figure 3a) shows a
series of triangles of zero conductance, characteristic of the
Coulomb charging spectrum of a single QD.15,16

In a constant interaction model15 (Figure 3b), the stability
diagram can be analyzed to yield energy scales and coupling
parameters for the QD. The height of the triangles gives the
electron addition energy Eadd g 135 meV, slightly higher
than the largest previously reported for a nanotube QD
device.17 The distance between the excited-state lines running
parallel to the triangles gives the single-particle level spacing
∆E ≈ 75 meV, and the difference between Eadd and ∆E is
the Coulomb charging energy, U g 60 meV. A second
indication of these two energy scales appears at larger
negative gate voltages (Figure 3c), where the addition energy
alternates between U and U + ∆E due to the spin degeneracy
of the electronic states. The capacitances to the QD can be
extracted from the stability diagram of Figure 3a by
measuring the ground-state lines forming the charging
diamonds with the positive and negative slopes given by
Cgate/(C - Csource) and -Cgate/Csource. Here C is the sum of
all the three capacitances (C ) Csource + Cdrain + Cgate) and
is related to charging energy by U ) e2/C. This yields Csource

) 1.86 aF, Cdrain ) 0.46 aF and Cgate ) 0.37 aF. Finally, in
a sequential tunneling model, the coupling constants of the
nanotube leads to the QD can be derived from the magnitude
of the current steps across an excited-state line.18,19 At Vg )
4 V, the coupling of the M-SWCNT to the QD is γm ∼1.5-2
meV, and the coupling between the SC-SWCNT and the QD
is γs ∼5-12 meV. These values remain in the 1-10 meV
range at all gate voltages, while the ratio (γs/γm) varies from
∼3-6 (see Supporting Information, Figures S3 and S4).

The energy scales derived above can be used to estimate
the size of the QD. In a simple picture, the level spacing is
given by ∆E ) hVF/4L where VF is the Fermi velocity (8 ×
105 m/s), h is Planck’s constant, and L is the quantum
confinement length. Using ∆E ) 75 meV, a QD length of
10 nm is obtained. The measured gate capacitance of 0.37

Figure 2. Temperature dependent measurements across the heterojunction. (a) Conductance gate sweep at four different temperatures,
source bias is 27 mV. (b) Current-voltage measurements at 10 K for gate voltages from 1.0 to 3.5 V. The off region shifts and changes
width with gate voltage, displaying a clear diamond pattern (inset, with curves offset by 0.1 nA).
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aF yields a similar QD length of 11 nm through Cgate ) 2πεL/
[ln(4h/d)], where d and L are the wire diameter and length,
h (285 nm) is the gate oxide thickness and ε ) 3.9 ε0 is the
dielectric permittivity for thermally-grown SiO2.

We propose that the QD is located at the HJ, based on
several considerations. First, the size scale of the QD (10
nm) is much smaller than the electrode spacing (15 µm) and
does not match any other physical length scale in the
experiment. Second, we observe QD behavior only in the
section containing the HJ and moreover have never observed
this type of behavior in any single-chirality sample prepared
in a similar manner. Defects such as vacancies, bond
rotations, and sidewall functionalization can act as tunnel
barriers,20 and pairs of defects can produce similar QD
behavior.21,22 However, the high conductance and uniform
behavior of the M and S sections, as well as the clean
charging spectrum of the QD, indicate a very low density
of such defects. Third, such defects typically act as resonant
scatterers over a finite energy window, whereas the barriers
and multiple weakly coupled electronic levels in the HJ
device are evident over a wide range of gate voltages. For
these reasons, it is highly unlikely that defects unrelated to
the HJ are responsible for the QD behavior.

To understand what atomic-scale features might give rise
to the observed behavior, we developed several detailed
atomistic models of the HJ and compared their calculated

electronic structure to the level spacing and coupling
parameters extracted from the experiment. In principle, using
just two defects, any two SWCNTs of differing chiralities
can be joined23 to form a HJ while maintaining the topologi-
cal integrity of the carbon network. However, (21,9)-(18,13)
HJs formed in this way introduce a bend of about 20 degrees,
whereas the experiments observed a linear HJ. To construct
linear interfaces, we developed a geometrical method to
connect any two SWCNTs using a minimum, well-defined
number of pentagon-heptagon (5-7) pair defects. We find
that (18,13) and (21,9) CNTs can form topologically linear
HJs using just four or nine 5-7 defects and that the HJ is
most linear and also lowest in energy if the 5-7 defects are
distributed uniformly along the circumference of the interface
(see Supporting Information, Figure S5).

The calculated (see Supporting Information) local density
of states for these HJ structures reveals localized states at
the interface, much more so for nine-defect HJs (Figure
4a-c) with the degree of spatial confinement being sensitive
to their arrangement. However, these new interface states
are strongly resonant to the electronic states in the (21,9)
nanotube and broadened considerably compared with their
energy spacing in contrast to the experimental observation
that γm,s , ∆E (see Supporting Information, Figure S6).
Evidently QDs cannot be formed from HJs consisting of a
single interface.

Figure 3. Transport across heterojunction. (a) Differential conductance of the HJ at T ) 10 K, measured as a function of source-drain and
gate bias for positive biases at the onset of the p-type conduction (see Supporting Information, Figure S2 for a lower-resolution plot showing
both positive and negative biases). The edge of the large diamond appears near Vg ) 0.25 V. Below this value, smaller half-diamonds with
sharp edges are visible, inside which conductance is zero. Bright lines parallel to the diamond edges indicates excited states. The solid
black lines next to some of the excited-state lines show regions of pronounced negative differential resistance. This is likely due to the entry
of loosely coupled excited states into the bias window which then block the current through the ground-state of the QD.34 (b) Model of the
metal-semiconductor nanotube HJ device. Source, drain, and gate capacitances to the QD are denoted byCsource, Cdrain, and Cgate respectively,
γm and γs are the coupling constants of metal and semiconducting nanotube to the quantum dot. (c) Low-bias conductance vs gate voltage
measurements away from the gap at T ) 10 K. The peak separation shows a 2-fold shell filling pattern, alternating between a value
corresponding to addition energy of U and one corresponding to U + ∆E.
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A tube segment of a third chirality introduced between
the (18,13) and (21,9) nanotubes could naturally confine
electronic states at the HJ. In fact, we find that the atomistic
model that best explains the experiment is a composite HJ
consisting of a roughly 10 nm long metallic tube between
(18,13) and (21,9) SWCNTs. This composite interface can
arise from a nine-defect HJ if some of the nine 5-7 defects
migrate (see Supporting Information, Figure S7) toward
(21,9) and the rest toward (18,13). Previous simulations at
high temperatures indicate that Stone-Wales defects can
dissociate into two 5-7 defects migrating in opposite
directions,24 resulting in a new chirality between them;

calculations have also predicted25 spatial electronic confine-
ment and sharp resonances by separating two 5-7 defects
in a carbon nanotube of a single chirality. Composite HJ
structures have also previously been observed with scanning
tunneling microscopy.26

The only metallic chiralities that can link (18,13) and
(21,9) without introducing more than nine defects are (15,15),
(18,12), and (17,14). Introduction of a (15,15) segment results
in several new confined states with relatively uniform spacing
and weak electronic coupling (γm + γs ≈ 1-10 meV) to
itinerant states in the (21,9) tube, which is in good agreement
with experiment (Figure 4d, also see Supporting Information,
Figure S8). However, allowing more 5-7 defects (at the
expense of increasing the interface formation energy) can
lead to additional possibilities for intermediate metallic
chiralities. Among such possibilities, a (27,0) segment allows
the maximum possible number of 5-7 defects at the two
interfaces covering the entire circumference. As is shown
in Figure 4e (also see Supporting Information, Figure S9),
the (27,0) intermediate chirality greatly enhances the degree
of spatial confinement and level spacing uniformity over the
(15,15) case and provides the best explanation for the
experimental data with predicted level spacing of ∼100 meV
and electronic coupling ∼1 meV. More generally, we can
conclude that in order to form good molecular scale quantum
dots from carbon nanotube HJs, a short segment of inter-
mediate metallic chirality is necessary and that both interfaces
should be maximally linear to ensure enough 5-7 defects
at each interface to cover the entire circumference.

The existence of the QD explains the ambipolar rectifica-
tion behavior of the HJ device, which leads to the large
asymmetric central diamond in the stability diagram (Figure
2b, inset). The height (in bias voltage) of the diamond (∼600
meV) is consistent with the sum of the S band gap (predicted
to be 410 meV for an (18,13) SWCNT27) and the QD
addition energy Eadd for first hole addition (∼190 meV), both
of which must be overcome to permit conduction through
the device. The rectification is a natural result of asymmetric
contacts to the semiconducting tube.28,29 At the Pd contact,
pinning of s-NT bands results in a voltage-tunable barrier
through which electrons (or holes) must tunnel.30 At the other
S-NT contact, the existence of the HJ-QD implies that the
bands of the S-NT and the QD are decoupled, so that there
is no (or at least much smaller) barrier due to band bending
at the S-NT-HJ interface. Finally, at gate voltages outside
the central diamond, the Fermi level is outside the semicon-
ducting gap, so the S-NT acts as a simple metallic contact
to the QD. In this region, the large density of states near the
semiconducting band edge explains the observed stronger
coupling of the S-NT to the QD. Our result demonstrates
the potential of atomically defined interfaces between carbon
nanotubes as model systems for molecular scale electronic
devices.31,32 It also opens up the possibility of creating robust,
room temperature single electron transistors through con-
trolled CVD growth of nanotube HJs.33
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